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Hazelnut (Corylus avellana L.) is one of the most important tree nut crops with a yearly production of about 872,000 t of in-shell nuts with a cultivated area of approximately 604,000 ha (average 2008 (average -2012 (average , FAOSTAT 2014 . Over 80% of hazelnut world production is supplied by Turkey (70%) and Italy (11%) with additional production in the United States of America, Georgia and Azerbaijan, and significant new planting in Chile (Fideghelli, De Salvador 2009) .
The biology of hazelnut shows some peculiar characteristics. The species is monoecious, selfincompatible and mostly dichogamous; blooming occurs during winter and a period of 4 months elapses between pollination and fertilization. Following fertilization, nut growth follows a sigmoidal curve (Thompson 1967) as in walnut and pecan (Westwood 1993) .
Knowledge of the timing of nut and kernel development is important for orchard management, especially irrigation. A lack of water during nut growth results in reduced nut size, while during kernel growth it leads to poorly filled nuts and shriveled kernels (Mehlenbacher et al. 1993 ). Kernel quality is reduced and it is more difficult to remove the pellicle after roasting (Germain, Sarraquigne 2004) . Water availability during kernel growth can also influence the presence of blanks (nuts lacking kernels) (Solar, Stampar 2011; Milošević, Milošević 2012) .
Supported by Regione Piemonte, Assessorato Agricoltura, Project 'Filiera nocciolo: aspetti agronomici e tecnologici per il miglioramento delle produzioni piemontesi' (CORIFIL).
Nut and kernel development has been studied in few cultivars and under different climatic conditions: cv. Tonda Gentile delle Langhe (Roversi 1973) and cv. Tonda Gentile Romana (Tombesi et al. 1983 ) in Italy; cv. Barcelona in Willamette Valley, Oregon, USA (Thompson 1979) and in France (Germain 1983) ; cv. Butler in Portugal (Silva et al. 2001 ) and cvs Tombul and Palaz in Turkey (Beyhan, Marangoz 2007) .
Shell characteristics at harvest, such as thickness, force to break the shell and other morphological traits (number of cell layers, thickness of cell walls, shape and dimensions of sclereids; presence and density of hairs), were described for some cultivars and related with the susceptibility to nut weevil Curculio nucum L. (Coleoptera: Curculionidae) (Caramiello et al. 2000) .
Nut growth as well as shell hardening was also studied in relation to susceptibility to the nut weevil. The sequence of shell hardening during nut growth was described for six hazelnut cultivars during the time when ovipositing weevil females were present (Guidone et al. 2007 ) and this preliminary study demonstrated that hazelnut cultivar susceptibility is related to the timing of nut growth and shell hardening.
Therefore, the aims of this study were: (i) to describe the timing of nut and kernel growth, including shell hardening, in 18 hazelnut cultivars grown in the same environmental and orchard management conditions; (ii) to describe fruit characteristics at harvest including shell thickness and force to penetrate the shell; (iii) to evaluate the presence of blanks and nut weevil damage at harvest; (iv) to correlate the timing of nut development and fruit characteristics at harvest with the frequency of blanks and nut weevil damage.
MATERIAL AND METHODS
Plant material. In 2008, investigations were carried out on 18 hazelnut cultivars of different origins (Table 1) in the hazelnut collection in Cravanzana Nut and kernel growth, shell hardness. To assess nut and kernel growth as well as the hardness of the shell during nut development, 15 nuts per cultivar were collected directly from the plants approximately every 10 days from June 3 to September 9. In the laboratory, nut characteristics were assessed in the following order: nut dimensions, force to penetrate the shell and then kernel dimensions after breaking the shell.
Nut and kernel length (L), width (W) and depth (D) were measured using a caliper (VWR i819-0013; VWR, Radnor, USA) with an accuracy of 0.01 mm. The nut and kernel volumes were then calculated using the ellipsoid formula (Valentini et al. 2006) . Nut measurements started when nut width was at least 5 mm (about 80-120 mm 3 in volume). Before this stage it was extremely difficult to separate the husk from the nut. Kernel measurements started with the length of the embryo reached 2 mm, because generally only one of the two ovules develops after fertilization while the second one aborts and remains about 1 mm in length (Thompson 1979) .
For instrumental requirements, hardness measurements started when nut width was 8-10 mm (about 200-300 mm 3 in volume). Nut samples were analysed using a Universal Testing Machine TA.HD ® Texture Analyser (Stable Micro System, Godalming, Surrey, UK). The max. force (N) required to puncture the shell in the median zone of the nut (Guidone et al. 2007 ) was recorded using the Texture Expert ® software provided with the instrument. The puncture test was performed with a 50 kg load cell using a P/N needle probe at 1 mm/s constant speed. The nut was placed in a HDP/90 perforated platform. The force-time curve was acquired as a graph at 500 Hz.
The time of nut growth of hazelnut cultivars was classified from 1 (very early) to 4 (late) based on the date at which the nuts reached 5-15% of their total volume.
Nut and kernel characteristics at harvest. At harvest, the nuts from each plant were manually harvested from the ground. Nut samples of each cultivar were collected and analysed in the same way as those collected during nut growth (nut and kernel dimensions, force to penetrate the shell). The roundness index of the nut (RI) was calculated using the formula RI = (W + D)/2L (Fregoni, Zioni 1962) . In addition, shell thickness of 10 nuts from each of three replicate plants per variety was measured in the median zone of the nut using a caliper with an accuracy of 0.01 mm.
Three random samples of 100 nuts for each cultivar were then inspected in laboratory for presence of blanks and nuts damaged by C. nucum. Nuts were firstly separated in two groups: intact nuts and nuts showing the emergence hole of mature weevil larvae. Afterwards all intact nuts were cracked by hand and checked for the presence of weevil larvae or absence of kernel (blank).
Statistical analysis. Data recorded at harvest were analysed by ANOVA and the Duncan's Multiple Range test using the software SPSS Statistics 20.0 (IBM, New York, USA). Pearson correlation coefficients (r) were calculated to correlate: nut and shell characteristics at harvest (nut and kernel volumes, shell thickness and force required to penetrate shell), time of nut development (time required to reach 5-15% of final nut volume, expressed as days from June 1), percentage of nut weevil damage and percentage of blanks.
RESULTS AND DISCUSSION

Nut and kernel growth, shell hardening
Nuts and kernels of all the cultivars grew following a sigmoidal curve ( Fig. 1 ) as shown by other authors (Thompson 1967; Roversi 1973; Germain 1983; Tombesi et al. 1983; Silva et al. 2001; Beyhan, Marangoz 2007) . The fruit (ovary) needed 4 to 5 weeks to complete growth and attain full size; the development of the kernel started when the nut had almost reached full size and kernel growth continued for approximately 5 to 6 weeks until it attained its full size.
Hazelnut cultivars were divided into four classes in relation to the beginning of nut development (Table 1) . Hazelnut varieties showed a wide range of nut development times since the latest cultivars developed about a month later than the earliest ones (Table 2) . Cvs Tonda Gentile delle Langhe (TGdL) and Ghirara had very early nut growth which started in early June (class 1), reach- (Table 2) ; the kernel started to grow on June 23. Data concerning the time of nut and kernel development in TGdL confirmed those previously observed by Roversi (1973) and Me et al. (1989) . A second group of cultivars that includes cultivars native to southern Italy (Camponica, Mortarella, Nocchione, Tonda di Giffoni) and Daria, a cultivar selected in Italy from the crossing TGdL × Cosford (Botta et al. 1997) , began nut growth in midJune, reaching over 30% of its final volume on June 23 and over 70% at the beginning of July (class 2). A third group included cvs Du Chilly, Gunslebert, Jean's, Merveille de Bollwiller and all Spanish cultivars (Alcover, Casina, Closca Molla, Culplà, Negret, Pauetet). In this group, nuts began to develop in the second ten-day period of June reaching almost full size (over 80%) on July 15, while kernels started to grow at the beginning of July (class 3). The latest cultivar was Cosford, in which nut development started only at the beginning of July and ended in late July while the kernel started to grow in mid-July (class 4). The influence of the genetic origin of the cultivars on development date is evident (Table 1) . In fact, all Italian cultivars were categorised in classes 1 and 2, and all the Spanish cultivars and most of those native to central and northern Europe in class 3. The latest developing cv. Cosford (class 4) has an English origin.
The sequence of shell hardening for each cultivar is shown (Table 3) . At the beginning of growth, the shell was greenish and soft for all cultivars, with values of penetration force ranging from 3.0 to 6.0 N. The values of force increased only when nuts reached at least 80% of their final size, and grew rapidly and constantly until kernels reached their full size. Indeed, shell hardening and kernel development were strictly correlated (y = 14.554x 0.407 ; R 2 = 0.921; Fig. 2 ) and follows the same timing of kernel growth (Fig. 1) as observed by Guidone et al. (2007) in six cultivars in a shorter time window. Hazelnut cultivars followed a similar growth curve but showed different values of penetration force since the onset of nut development until the end of growth (Table 3) .
Physical properties of nuts at harvest
The hardness of the shell and the thickness of the shell at harvest showed significant differences among cultivars (Table 4) Table 5 ).
Weevil damage and presence of blanks
The hazelnut cultivars differed in susceptibility to C. nucum attacks in agreement with previous research (Piskornik 1992 (Piskornik , 1994 Caramiello et al. 2000; Gantner 2005; Wojciechowicz-Zytko 2005; Guidone et al. 2007; Solar, Stampar 2011) . The mean percentages of nuts damaged were significantly different, ranging from 0.6% for cv. Merveille de Bollwiller to 24.4% for cv. Cosford (Table 4) . In cvs Camponica, Merveille de Bollwiller, Nocchione, Tonda di Giffoni and TGdL damage was very low (lower than 3.5%), while in the penetration force ranged from 185.7 N in cv. Nocchione to 46.7 N in cv. Closca molla. The Spanish cv. Closca molla is appropriately named, as in Catalan "closca molla" means soft shell. The thickest shells were in cv. Nocchione (2.07 mm), as previously observed by Solar and Stampar (2011) and Milošević and Milošević (2012) . The thinnest shells were in cvs Closca molla and Cosford (0.84 mm). TGdL had a medium thickness shell as confirmed by Solar and Stampar (2011) and Valentini et al. (2014) . This confirms that the thickness of the shell is a stable trait (Valentini et al. 2014) and that each cultivar has a particular structure of the shell (Caramiello et al. 2000) .
At harvest, the characteristics of the shell were not related to nut size, but the values of penetration force were highly and positively correlated with shell thickness (y = 101.13x -29.442, R 2 = 0.895, r = 0.945, Table 5 , Fig. 3 ). This may indicate that shell hardness increases proportionately with shell thickness during nut growth. The thickness of the shell was also negatively correlated to late nut development (r = −0.524, Table 5 ).
The cultivars differed also for final nut dimensions (Table 4) . Cvs Camponica, Closca molla, other cultivars it ranged from 6.2% to 13.9%, and was highest in cv. Cosford (24.4%). Cvs Daria and TGdL showed values of damage similar to those previously observed in the same area (Guidone et al. 2007) , as well as cv. Merveille de Bollwiller had low damage and cv. Cosford had high damage, as reported by Piskornik (1994) .
The orchard was located in an area intensively cultivated with hazelnut, surrounded by woods where wild hazelnuts are abundant and with high weevil pressure. In these conditions, only a few cultivars can be grown without insecticide treatments (Camponica, Merveille de Bollwiller, Nocchione, Tonda di Giffoni, and TGdL), while for the other cultivars economic yield losses due to nut weevil are not acceptable and insecticide treatments are required.
The shell thickness and the force to penetrate shell at harvest were negatively correlated to the percentages of nut weevil damage (r = −0.544 and −0.564). On the contrary, late nut development was associated with more weevil damage (r = 0.638) (Table 5) .
Although, the influence of the thickness of the shell on the damage rate by C. nucum was hypothesized (Caramiello et al. 2000) but not confirmed in a more recent investigation (Guidone et al. 2007) , in this research, thickness and hardness of the shell and timing of nut development were correlated with the damage by nut weevil, indicating that both factors can affect susceptibility to this pest (Table 5) .
The mean percentages of blanks were significantly different among cultivars; the lowest values CA 4.4 ± 0.2 5.2 ± 0.1 22.5 ± 3.0 25.1 ± 4.9 37.6 ± 3.1 50.5 ± 7.9 70.7 ± 4.4 81.1 ± 5.7 CS 5.4 ± 0.2 4.5 ± 0.1 12.4 ± 1.3 21.9 ± 3.4 31.3 ± 2.6 58.3 ± 4.4 67.0 ± 3.5 69.6 ± 3.0 CM 4.3 ± 0.1 6.9 ± 1.3 11.8 ± 3.2 13.3 ± 2.3 47.5 ± 2.1 47.5 ± 2.3 49.7 ± 1.2 CO 1.5 ± 0.1 1.7 ± 0.5 6.8 ± 1.6 33.4 ± 3.6 43.1 ± 4.0 48.0 ± 4.4 CU 5.4 ± 0.1 4.2 ± 0.1 21.1 ± 3.2 38.7 ± 3.8 57.6 ± 2.8 95.9 ± 3.6 95.7 ± 4.1 94.0 ± 3.8 DA 5.3 ± 0.2 9.6 ± 2.1 27.6 ± 4.2 36.4 ± 6.1 55.0 ± 2.6 56.2 ± 5.8 63.9 ± 7.9 were found in cvs Alcover, Culplà and Nocchione (< 5%) while the highest ones were found in cvs Closca Molla, Ghirara and TGdL (>20%). Studies conducted in other growing areas showed differences in cultivar susceptibility to blanks indicating some genetic control of this defect (Mehlenbacher et al. 1993) , which may also be related to particular environmental conditions (Solar, Stampar 2011) . The involvement of nut weevil in the production of blanks and aborted nuts was also hypothesized by several authors in relation to the adult feeding activity on female flowers and developing nuts (Tabamaĭshvili 1988; Paparatti 1990; Pucci 1992) or as consequence of the transmission of pathogens that follows insect feeding (Akça, Tuncer 2005) . However, in our research, percentages of blanks at harvest were not correlated with any other recorded parameter, including nut weevil damage at harvest.
Knowledge of nut development and shell hardening times is valuable information that can be used to model nut development and provide important tools for planning orchard management activities, including irrigation, fertilization and pest control. Time of nut growth and shell hardening should be considered in breeding for increased tolerance or avoidance of pests and water stress. 
